The superoxide-producing phagocyte NADPH oxidase consists of a membrane-bound flavocytochrome b 558 complex, and cytosolic factors p47phox, p67phox and the small GTPase Rac, which translocate to the membrane to assemble the active complex following cell activation. We here show that insolubility of NADPH oxidase subunits in nonionic detergents TX-100, Brij-58, and Brij-98 is a consequence of inclusion into cholesterol-enriched membrane microdomains (lipid rafts). Thus, flavocytochrome b 558 , in a cholesterol-dependent manner, segregated to the bouyant low-density detergent-resistant membrane (DRM) fraction, and the cytosolic NADPH oxidase factors associated dynamically with low-density DRM. Further, superoxide production following cholesterol depletion was severely compromised in intact cells or in a cell-free reconstituted system, correlating with a reduced translocation of cytosolic phox subunits to the membrane. In analogy with the widely accepted role of lipid rafts as signaling platforms, our data indicate that cholesterol-enriched microdomains act to recruit and/or organize the cytosolic NADPH oxidase factors in the assembly of the active NADPH oxidase.
Introduction
The superoxide-producing phagocyte NADPH oxidase (NOX-2) plays an instrumental role in host defense. Through the one-electron transfer from NADPH to molecular oxygen, the NADPH oxidase generates superoxide, an important precursor of highly bactericidal reactive oxygen species. When rare mutations of any of the NADPH oxidase subunits render the enzyme nonfunctional, the resulting incapacitation of neutrophils leads to recurrent and life-threatening infections (chronic granulomatous disease; CGD). The NADPH oxidase consists of a membrane-spanning flavocytochrome b 558 (cyt b 558 ) complex made up of subunits p22phox and the electrontransporting gp91phox. In addition, cytosolic subunits p40phox, p47phox, and p67phox, as well as the small GTPases Rac (1 or 2) and Rap1A are required for enzymatic activity in intact cells, and are recruited to cyt b 558 in the plasma or phagosomal membrane following cellular activation (Clark et al, 1990; Quinn et al, 1993) . Major fractions of the cytosolic phox proteins p40, p47, and p67phox are thought to exist in a tertiary complex present even under resting conditions (Park et al, 1992) . Multiple phosphorylations of p47phox unmask epitopes in the complex required for translocation to the membrane, where p47phox and p67phox interact with cyt b 558 (Park et al, 1992; Ago et al, 1999) . Rac is bound in an inactive cytosolic complex with Rho-GDP dissociation inhibitor, and migrates to the membrane independently of cytosolic phox proteins (Heyworth et al, 1994) , subsequent to guanine nucleotide exchange (Quinn et al, 1993; Bokoch et al, 1994) . Rac interacts with the membrane through its geranyl lipid modification, and makes direct contacts with p67phox and possibly cyt b 558 (Bokoch and Diebold, 2002) . A continuous translocation of Rac and cytosolic phox proteins to cyt b 558 in the membrane is required to sustain superoxide production (Dusi et al, 1993; Quinn et al, 1993) , but it is presently unclear which molecular mechanisms lead to termination of NADPH oxidase activity, and how this relates to the acute disassembly of the complex (Dusi et al, 1993; DeLeo et al, 1999) .
In the past, several studies have demonstrated the partial insolubility of neutrophil NADPH oxidase subunits in the nonionic detergent TX-100, a phenomenon that has been attributed to association with the cytoskeleton Woodman et al, 1991) . However, detergent insolubility may also arise from the segregation of integral or membrane-associated proteins into cholesterol and glycosphingolipid-enriched membrane microdomains termed rafts (Simons and Ikonen, 1997) . Indeed, the original and still most widely used criterion of raft association is insolubility in cold nonionic detergents, mainly TX-100 (Brown and Rose, 1992) , although alternative detergents such as Lubrol WX and the Brij series have been implemented recently (Madore et al, 1999; Roper et al, 2000; Chamberlain et al, 2001; Drevot et al, 2002; Braccia et al, 2003) . Based on biochemical and biophysical evidence, it is believed that raft lipids form a socalled liquid-ordered phase (l o ), with properties different from those of the liquid-disordered (l d ) phase of surrounding bulk membrane phospholipids. This phase separation critically relies on cholesterol. Current estimates suggest that rafts are small (o100 nm) and highly dynamic entities (Varma and Mayor, 1998; Pralle et al, 2000) .
Rafts have been assigned an important role in signal transduction, as they are believed to act as scaffolds for the assemblage of cytosolic factors required for signal propagation from the membrane into the cell (Simons and Toomre, 2000) . In the light of the reported partial insolubility of NADPH oxidase subunits in TX-100, ultrastructural evidence of a compartmentalized distribution of NADPH oxidase in the neutrophil plasma membrane (Wientjes et al, 1997) , and the fact that assembly of the NADPH oxidase holoenzyme requires bringing together a minimum of six different molecular entities (cyt b 558 , p40, p47, p67phox, Rac1, and Rap1), we hypothesized that NADPH oxidase could be a raft-associated protein. We here show that NADPH oxidase subunits in a cholesterol-dependent fashion are included in low-density detergent-resistant membrane (DRM) indicative of raft localization and, further, that superoxide production is inhibited by cholesterol depletion due to impaired translocation of cytosolic phox protein subunits to the membrane. We propose that lipid rafts function in the recruitment and spatial orientation of cytosolic phox proteins in relation to cyto b 558 .
Results
cyt b 558 subunits gp91phox and p22phox segregate to low-density DRM In intial experiments, we found that a high proportion of gp91phox and p22phox partitioned to the detergent-insoluble pellet in Brij-58 and Brij-98, but not in TX-100 (Supplementary data, Figure 1 ). To verify that gp91phox and p22phox were genuinely included in a buoyant lowdensity DRM fraction (indicative of lipid raft localization), we next subjected Brij-58 and Brij-98 detergent extracts from Ra2 and HL60 cells to sucrose density-gradient centrifugation. As seen in Figure 1 A, E, I, and N, a substantial fraction of p22phox and gp91phox floated toward the low-buoyancy top of the gradient, demonstrating association with lowdensity DRM. A smaller, but significant, fraction of both subunits was contained in the pellet of Ra2 cells (o20% of the total), presumably via association with either detergentinsoluble cytoskeleton or high-density membrane. In Ra2 cells, the transferrin receptor (TnfR), normally thought to be excluded from rafts, was consistently recovered in the first three high-density fractions (b90% of the total) regardless of the detergent used ( Figure 1C and G). Conversely, flotillin-2 or Lyn, which associate strongly with rafts (Foster et al, 2003) , floated to low-buoyancy positions in the gradient ( Figure 1D , H, M, and Q). Despite the fact that 30-50% of gp91phox resided in high-density fractions 10-12 in Ra2 cells, the vast majority of p22phox co-distributed with gp91phox in low-density fractions. In the case of HL60 cells, flotation of both gp91phox and p22phox was almost quantitative, and codistribution was even more pronounced (Figure 1I and N) . Raft proteins acquire detergent insolubility along the biosynthetic route at the stage of transport through the Golgi complex (Brown and Rose, 1992) . It is therefore noteworthy that in HL60 cells, the p65-precursor protein of gp91phox, which corresponds to an endoplasmic reticulum intermediate, was completely soluble in Brij detergents, well separated from mature gp91phox at the top of the gradient (see Figure  1I and N). Curiously, a substantial fraction of the TnfR was also present in buoyant low-density DRM in HL60 cells ( Figure 1K and O), as has been noted for other cell types (Jutras et al, 2003) . This phenomenon was also evident when higher concentrations of detergent were used (data not shown). However, the b1-integrin was entirely confined to high-density fractions in HL60 cells, demonstrating differential solubility of membrane proteins in this cell type ( Figure  1L and P).
Lipid rafts depend critically on cholesterol, and numerous raft proteins have been shown to redistribute from the detergent-insoluble to the soluble fraction in response to cholesterol depletion (Foster et al, 2003) . We therefore investigated the effect of cholesterol extraction on cyt b 558 1 2 3 4 5 6 7 8 9 10 11 12 P gp91 p65 p22 1 2 3 4 5 6 7 8 9 10 11 12 P 1 2 3 4 5 6 7 8 9 10 11 12 P Recovered fractions (no. 12 is the bottom, high-density fraction of the gradient) and the solubilized pellet (P) were analyzed by Western blotting using antibodies against gp91phox (gp91), p22phox (p22), transferrin receptor (TfnR), b1-integrin (b1), flotillin-2 (Flo-2), or Lyn as indicated. (Kilsdonk et al, 1995) . As shown in Figure 1B , F, and J, cholesterol depletion caused the distribution of both gp91phox and p22phox in both cell types to shift markedly toward high-density fractions.
Raft association of cyt b 558 subunits is predominantly confined to the cell surface When NADPH oxidase distribution in Ra2 cells was analyzed by immunofluorescence, intracellular gp91phox reactivity was present in addition to plasma membrane staining (Figure 2A-C) . In contrast, HL60 cells contain almost all cyt b 558 reactivity on the plasma membrane ( Figure 2D ). As the association of cyt b 558 subunits with low-density DRM was more clear-cut in HL60 cells (compare Figure 1A and E with Figure 1I and N), we examined whether this discrepancy could be explained by the different subcellular distribution of NADPH oxidase in these cells, using a cell surface biotinylation protocol. As seen in Figure 2E and F, surface-resident gp91phox was entirely confined to low-buoyancy positions following extraction in Brij-58 or Brij-98, in contrast to the distribution of total gp91phox in Ra2 cells, which also encompasses the bottom fractions (see Figure 1A and E). Further, while only ca. 10% of the total pool of gp91phox associated with fractions no. 1-8 following TX-100 extraction, this fraction was increased to B50% for surface-resident gp91phox (compare Figure 2G with Figure 2H ). As before with the Ra2 cells, the TnfR was only present within highdensity fractions ( Figure 2I ). Thus, in Ra2 cells, raft association correlated with cell surface localization of gp91phox.
NADPH oxidase distribution on the plasma membrane is compartmentalized
We sought to establish the raft association of NADPH oxidase by independent techniques. The presumed size of rafts is less than 100 nm (Varma and Mayor, 1998; Pralle et al, 2000) , falling below the resolution of light microscopical techniques. However antibody-mediated copatching of cell surface antigens has previously been used to demonstrate raft association (Harder et al, 1998) . Patching of the accepted raft marker ganglioside GM1 with cholera toxin B subunit and antibodies caused gp91phox to copatch with GM1 ( Figure 3D -F). In contrast, patching of the TnfR did not lead to any copatching of gp91phox ( Figure 3G -I).
We also considered the possibility that a distribution reflecting the raft association of NADPH oxidase could be visualized at the light microscopical level through the use of the enzymatic nitroblue tetrazolium (NBT) test. When NBT is reduced by superoxide, it is converted into a water-insoluble formazan salt, which precipitates as a blue reaction product at the site of superoxide generation. For this purpose, Ra2 microglia were cholesterol-depleted, and the efficiency of cholesterol removal from the plasma membrane was verified by filipin staining (see Figure 4A and B). Subsequently, cells were challenged with PMA in the presence of NBT. As shown in Figure 4C , the reaction product was very clearly not distributed diffusively on the plasma membrane in control cells, but deposited in small patches, indicating that NADPH oxidase distribution on the plasma membrane was compartmentalized. In contrast, if Ra2 cells were cholesterol-extracted with mbCD prior to PMA stimulation, the formazan product was distributed smoothly on the plasma membrane ( Figure 4D ).
In the control cells, the formazan patches were often seen in association with filopodia-or lammelipodia-like structures (see the inset in Figure 4C ). To examine the association of NADPH oxidase activity with the actin cytoskeleton, we performed experiments with the actin-depolymerizing drug latrunculin. As shown in Supplementary Figure 2 , latrunculin treatment, followed by drug wash-out, caused the redistribution of NBT patches into large polarized structures on the plasma membrane, which correlated with the formation of dense intracellular foci of F-actin.
NADPH oxidase enzymatic activity requires cholesterol
When performing the NBT test, it became clear that mbCDextracted cells required a longer time than control cells to develop a visible formazan precipitate. To explore this further, we conducted a series of experiments using the more sensitive luminol-enhanced chemiluminescence technique to measure superoxide release (Wymann et al, 1987; Vilhardt et al, 2002) .
Ra2 cells contain approximately two times as much cholesterol per mg protein than HL60 cells as determined by a cholesterol oxidase/peroxidase-based assay (data not shown), and filipin staining revealed abundant intracellular stores of cholesterol in Ra2 cells (see Figure 4A and B). To deplete Ra2 cells of cholesterol to levels that affected NADPH oxidase activity, it was therefore found essential to culture cells for several days in cholesterol-free serum in the presence of lovastatin (inhibitor of 3-HMG CoA reductase, an early enzyme in the cholesterol synthesis pathway; Brown and Goldstein, 1980) and mevalonate (to rescue isoprenylation of Rac; Bokoch and Prossnitz, 1992) , before the final extraction of cholesterol with mbCD. By this method, cellular cholesterol levels were reduced to 6178% (n ¼ 3) of control cells. Subsequently, superoxide production was determined after stimulation with fMLP, PMA, or IgG-opsonized zymosan particles. As shown in Figure 5A -D, cholesterol extraction caused a dramatic reduction in superoxide production in response to all stimuli. Notably, the greatest inhibition of the oxidative burst was observed for the fMLP-induced response.
HL60 cells contain the majority of both cholesterol and cyt b 558 in the plasma membrane. As seen in Figure 5E -H, extraction of cholesterol with 10 mM mbCD, which removed 6379.8% (n ¼ 4) of total cellular cholesterol, was sufficient to inhibit PMA or ionomycin-induced superoxide generation in HL60 cells with 40-60%, and the fMLP-induced response with ca. 95%. Importantly, this deficiency could be overcome if the initial mbCD extraction was followed by incubation with cholesterol-saturated mbCD, which in this case served as a vehicle of cholesterol delivery to the plasma membrane.
Also, filipin, a cholesterol-sequestering agent, inhibited superoxide production by HL60 cells, although the effect was of lower magnitude than that seen for mbCD-mediated cholesterol extraction (Supplementary Figure 3) .
Cytosolic NADPH oxidase subunits p67phox and p47phox also associate with low-density DRM, and their membrane translocation is cholesterol-dependent Cytosolic phox proteins and Rac1 are transported independently to the membrane to associate with cyt b 558 in response to cell activation (Heyworth et al, 1994) . When DRM association of p47phox, p67phox, and Rac1 after extraction of HL60 cells in Brij-58 was investigated, we found that small frac- Figure 6A ). The DRM association of both phox proteins and Rac1 was evident even under resting conditions, but increased in response to PMA stimulation ( Figure 6A ). Densiometric quantitation of the Western blots indicated that the relative fraction of p67phox, p47phox, and Rac1 in low-density fractions no. 1-8 increased by a factor of 1.9, 1.2, and 1.1, respectively (n ¼ 2, variation between experiments o10%). After stimulation the relative fraction of p67phox, p47phox, and Rac1 in low-density DRM constituted 7, 16, and 15% of the total, respectively (n ¼ 2, variation o20%).
We subsequently analyzed PMA-induced membrane translocation of p47phox, p67phox, and Rac1 in cholesterol-extracted and cholesterol-replenished HL60 cells. Cholesterol extraction severely inhibited translocation (and/or association) of cytosolic phox proteins to the membrane ( Figure 6B and D). Rac1 was the least affected by cholesterol removal (percent inhibition of translocation 8725%, n ¼ 3), while p67phox and p47phox were significantly inhibited in their translocation (63713% and 4474%, respectively, Po0.01). Importantly, Figure 6C and D shows that when mbCD-extracted cells were replenished with cholesterol before cell stimulation, this translocation deficit was surmounted.
It is known that the association of cytosolic phox proteins and Rac1 with the cyt b 558 complex is labile. Therefore, considerable fractions of cytosolic subunits are most likely lost from low-density DRM fractions during the long centrifugation step. To demonstrate convincingly that these cytosolic factors are indeed recruited to raft fractions, we used chemical crosslinking with dithiobis-succinimidylpropionate (DTSP) to preserve association with cyt b 558 (and thereby rafts). As seen in Figure 6E , although the majority of p67phox, p47phox, and Rac1 was associated with highdensity membrane, they were also clearly associated with gp91phox and p22phox in low-density DRM.
Efficiency of NADPH oxidase activity in a cell-free reconstituted system depends on cholesterol Several signaling enzymes important for NADPH oxidase activation are also known to be raft-dependent enzymes. Thus, we found that membrane translocation of PKCb, known to be important for NADPH oxidase activation in HL60 cells (Korchak et al, 1998) , was inhibited in cholesterol-extracted cells (Figure 7) . Likely, other raft-dependent key players in NADPH oxidase activation, such as phosphoinositide-metabolizing enzymes, could be similarly affected. To decide whether the inhibiting effect of cholesterol depletion on NADPH oxidase activity was indirectly mediated by inhibition of signal transduction, we carried out a series of experiments in a reconstituted cell-free system containing only purified guinea-pig membranes, and recombinant p67phox, p47phox, and GTPgS-loaded Rac1. In this system, membrane translocation of phox proteins is independent of enzymes, and is activated by the addition of anionic amphiphile.
As seen in Figure 8A , cyt b 558 in the purified membranes displayed association with low-density DRM similar to that of whole-cell extracts (see Supplementary Figure 1 ), being mainly soluble in TX-100 and insoluble in Brij-58. When membranes were subjected to mbCD extraction, which removed 7576% of membrane cholesterol, a clear solubilization of gp91phox (and p22phox) was apparent. This correlated with a ca. 30% reduction in the rate of superoxide Figure 6 P47phox and p67phox segregation to low-density detergent (Brij-58) resistant membrane is increased by cell activation, and their membrane translocation is cholesterol-dependent. (A) Brij-58 lysates of control or PMA-stimulated HL60 cells were centrifuged to equilibrium in a sucrose gradient, and then analyzed by Western blotting using antibodies to p67phox, p47phox, or Rac1. (B) Control or cholesterol-extracted HL60 cells were stimulated with PMA, and subsequently the particulate membrane fraction was analyzed for the presence of p67phox, p47phox, or Rac1 by Western blotting. Equal aliquots were also analyzed for p22phox as loading control. (C) HL60 cells were subjected to cholesterol extraction (mbCD), in some cases followed by cholesterol replenishment (mbCD chol), before stimulation with PMA. p67phox, p47phox, Rac1, and p22phox was analyzed by Western blotting as described above. (D) The graph represents mean and s.e. of three independent experiments performed as in (C). Individual p67phox, p47phox, and Rac1 bands were quantitated densitometrically, and the results expressed as percent translocation in cholesterol-extracted (white bars) or cholesterol-replenished (filled bars) cells relative to control cells. (E) HL60 cells stimulated with PMA were subjected to chemical crosslinking with DTSP and the particulate membrane fraction, purified as above, was subjected to sucrose gradient centrifugation. Collected fractions were electrophoresed under reducing conditions and analyzed by Western blotting with anti-p67phox, p47phox, Rac1, gp91phox, and p22phox antibodies. Figure 8B) , and a reduced recruitment of cytosolic NADPH oxidase subunits to the membrane ( Figure 8C ), indicating that depression of superoxide generation following cholesterol depletion is in part directly caused by disruption of the raft localization of NADPH oxidase subunits.
Discussion
The present results indicate that the detergent insolubility of NADPH oxidase in Ra2 microglia and HL60 cells relates directly to the localization of NADPH oxidase in cholesterol-enriched membrane microdomains (lipid rafts) for the following reasons: (1) association of cyto b 558 subunits with low-density DRM was entirely dependent on cholesterol, an important criterion of raft association (Foster et al, 2003) ; (2) cytosolic phox proteins were dynamically recruited to the low-density DRM fraction upon cell activation to attain maximum values of 7-20% of the total, similar to studies in neutrophils where 10-20% of cytosolic phox proteins and Rac translocate to the particulate membrane fraction (Clark et al, 1990; Quinn et al, 1993; DeLeo et al, 1999) ; (3) membrane translocation of cytosolic phox proteins, and consequently superoxide production, was severely impaired in cholesteroldepleted cells and cell-free membranes; and (4) NADPH oxidase activity on the cell surface was compartmentalized in a cholesterol-dependent manner.
While the role of rafts as signaling platforms in the organization of components in membrane-directed intracellular signaling is by now widely accepted, the phagocyte NADPH oxidase represents one of the first macromolecular enzymatic complexes (not directly involved in cell signaling), which depends on biological rafts for dynamic assembly and enzymatic function (Klopfenstein et al, 2002) . Many multisubunit proteins, for example, ion channels and membrane receptors, have been identified in low-density DRM or rafts (Foster et al, 2003) , but in these instances assembly of the holoenzyme is permanent, unlike the situation for the phagocyte NADPH oxidase, which dynamically assembles on rafts in response to external stimuli. In this respect, the NADPH oxidase behaves more akin to the transient assembly of cytosolic signaling complexes on raft microdomains following activation of membrane receptors (Simons and Toomre, 2000) .
While this article was under revision, Dekker and coworkers found the efficiency of neutrophil NADPH oxidase activity to depend on lipid rafts (Shao et al, 2003) . In contrast to our results, mbCD-mediated extraction of cholesterol in neutrophils did not cause a reduction in the magnitude of superoxide release, but rather caused a lag phase before the onset of superoxide production. We believe that this difference is likely caused by the rapid replenishment of plasma membrane cholesterol from intracellular stores, as was sometimes also observed for the Ra2 cells if they were not treated with lovastatin to reduce intracellular cholesterol. TX100-derived low-density DRM contained low to moderate proportions (p50%) of cyt b 558 subunits, whereas the segregation of p22phox and gp91phox to low-density fractions was very convincing in the Brij detergents. While the main body of experimental work relating to the study of raft proteins has been performed with TX-100 (Brown and Rose, 1992) , the recent recognition of such a differential detergent insolubility of specific proteins has allowed the identification of 'nonclassical' raft proteins, which potentially define novel classes of cholesterol-dependent membrane microdomains (Madore et al, 1999; Roper et al, 2000; Chamberlain et al, 2001; Gomez-Mouton et al, 2001; Drevot et al, 2002) .
In microglia and HL60 cells, raft association was the most important cause of detergent insolubility of NADPH oxidase, and cytoskeletal association accounted for only a minor fraction of the detergent-insoluble pool of NADPH oxidase, based on the small fraction of gp91phox or p22phox (o10-20% of the total) recovered in the insoluble pellet after flotation. However, our results are not incompatible with an association of NADPH oxidase subunits with the actin cytoskeleton. On the contrary, as shown in Supplementary data, the NADPH oxidase depends on an intact cytoskeleton, with regard to both superoxide production per se and its spatial distribution on the cell surface.
The depression of superoxide production observed in intact Ra2 or HL60 cells is most likely in part the consequence of interference with NADPH oxidase activating enzymes, Figure 8 NADPH oxidase assembly and activity in a reconstituted cell-free system depends on cholesterol. (A) Control or mbCDtreated purified macrophage membranes were extracted in TX-100 or Brij-58, and distribution of cyt b 558 subunits in the detergentinsoluble pellet (P) and soluble fraction (S) was determined by Western blotting. (B) Superoxide production of control or mbCDextracted purified macrophage membranes in the reconstituted amphiphile-activated system as measured by cytochrome c reduction. Results are expressed as percent cytochrome c reduction of control, and represent mean and s.d. of four independent experiments. Superoxide production of control membranes corresponded to 15.9 mol superoxide/mol cyt b 558 heme/s. (C) Control or mbCDextracted membranes mixed with cytosolic subunits were pelleted, and association of p67phox, p47phox, and Rac1 with membrane determined by lysis in Laemmli buffer and Western blotting. (D) Distribution of cytosolic subunits in detergent-insoluble pellet (P) and soluble fraction (S) after extraction of control membranes in such as PKCb, and probably other raft-dependent regulatory enzymes as well. However, our in vitro data from the cell-free reconstituted assay also demonstrate that raft disruption by cholesterol extraction has a direct negative effect on NADPH oxidase assembly and superoxide generation. It is possible that the raft environment presents binding sites for the cytosolic phox proteins, or alternatively the structure of the cyt b 558 complex is modulated by raft components, to enhance the direct binding of cytosolic subunits with the cyt b 558 complex. It has been argued that cyt b 558 plays a major role in the recruitment of cytosolic subunits to the membrane (Heyworth et al, 1991; Leusen et al, 1994a, b) . Nevertheless, Nauseef and co-workers recently showed that cytosolic phox proteins can translocate to, but fail to be retained at, the (phagosomal) membrane in CGD-neutrophils entirely lacking cyt b 558 subunits , suggesting the presence of other attractors of cytosolic phox proteins in the membrane. Both Rac and cytosolic phoxes are potentially translocated to and/or organized in the plane of the membrane, at least in part, through lipid interactions. Thus, Rac1 requires geranyl modification to support NADPH oxidase activity (Bokoch and Prossnitz, 1992; Vilhardt et al, 2002) , and recently it has been demonstrated that p40phox and p47phox bind phosphoinositide lipids in the membrane (Kanai et al, 2001) . Could these lipid-directed interactions take place in a raft environment? While Rac1 in some cell types potentially segregates to DRM (Michaely et al, 1999; Kumanogoh et al, 2001) , prenylated proteins are generally not enriched in rafts (Melkonian et al, 1999) , and Rac is recruited to the plasma membrane also under conditions of cholesterol depletion, although activation and retainment of Rac1 are compromised (Grimmer et al, 2002; Pierini et al, 2003) . In agreement with this, we found that Rac1 was the the least impaired factor in membrane translocation after cholesterol depletion, likely reflecting that Rac translocates to the membrane by a mechanism independent of rafts but dependent on cyt b 558 (Heyworth et al, 1994) . As Rac is a critical component of the NADPH oxidase complex, we have currently no explanation for the apparent lack of a dynamic increase of Rac1 in low-density DRM in intact cells or in the cell-free reconstituted system.
Relatively little is known about the subcellular distribution of phoshoinositide lipids, but some species and phosphoinositide-metabolizing enzymes of relevance to interaction with the phosphoinositide-binding domains of p40phox or p47phox are enriched in rafts (Bodin et al, 2001; Galandrini et al, 2002) . It was, however, recently shown that phosphoinositide interaction is required, but likely not sufficient, for membrane translocation of p47phox (Ago et al, 2003) . Taken together with the findings of Nauseef and colleagues , the data indicate that assembly of the NADPH oxidase complex depends on multiple weak, but cooperative, binding interactions, presumably greatly favored in a raft environment due to the spatial (pre)concentration of binding partners.
Materials and methods

Cells and materials
The murine microglia cell line Ra2 was cultured in MEM with 10% FCS, 1 ng/ml GM-CSF, and 5 mg/ml insulin, and has been described previously with respect to NADPH oxidase expression and superoxide production (Vilhardt et al, 2002) , and other phagocyte functions (Inoue et al, 1999) . The human promyelocytic leukemia cell line HL60 was cultured in RPMI-1640 with 10% FCS, and was differentiated toward the granulocytic lineage by inclusion of 1.3 and 0.65% DMSO in the culture medium for 3 days each. The antibodies used include mouse gp91phox mAb 54.1 (generously donated by Dr Burrit, Department of Microbiology, Montana State University, Bozeman, MT, USA), rabbit gp91phox polyclonal antibody (kindly provided by Dr Francois Morel, Groupe de Recherce et d'Etude du Processus Inflammatoire, University Hospital of Grenoble, France), rabbit p22phox polyclonal antibody (a kind gift from Dr Mary Dinauer, Center for Pediatric Research, Indianapolis, IN, USA), rabbit polyclonal p47phox (a generous gift from Dr William Nauseef, University of Iowa, Iowa City, IA, USA), mouse monoclonal p67phox, Rac1, flotillin-2 and Lyn mAbs (Transduction Laboratories), and mouse transferrin receptor mAbs (Zymed and Ancell). TX100, Brij-58, Brij-98, mbCD, and cholesterol-saturated mbCD were purchased from Sigma.
Detergent solubilization and sucrose gradient centrifugation
Ra2 or HL60 cells were solubilized in 1 ml 1% TX-100, Brij-58 or Brij-98 in 150 mM NaCl, 25 mM Tris-HCl, pH 7.4, with proteaseinhibitor cocktail (Boehringer, Mannheim), 10 mM NaF, 10 mM sodium pyrophosphate, and 1 mM sodium vanadate. Loose cell pellets were disrupted with ice-cold TX-100 or Brij-58 by pipetting and left on ice with intermittent whirlimixing for 20 min, while Brij-98 extraction was carried out at 371C. Detergent extracts were then centrifuged at 41C in a linear 35-15% sucrose gradient at 155 000 g for 17-18 h in a Beckman L8-70M centrifuge. Fractions were collected from the bottom with the aid of a peristaltic pump, and the pellet was solubilized by sonication, for analysis by Western blotting.
We also made use of chemical crosslinking to preserve association of the cytosolic NADPH oxidase subunits with lowdensity DRM. Briefly, HL60 cells were stimulated at 371C with PMA in the presence of 1 mg/ml DTSP for the last 60 s. Cells were then rapidly chilled, and crosslinking continued on ice for a further 10 min, before the cells were disrupted by sonication in the presence of 0.3 mg/ml DTSP. Cells were incubated for 15 min on ice before the particulate membrane fraction was purified as described (Leusen et al, 1994b) , and used for sucrose gradient centrifugation.
To analyze specifically the DRM association of cell surfacelocalized cyt b 558 , Ra2 cells in PBS, pH 8.0, were incubated in suspension at 41C with 0.5 mg/ml N-hydroxysulfosuccinimidobiotin (Pierce) for 20 min. Labeling was repeated once, and after quenching of residual biotin, cells were extracted in TX-100, Brij-58, or Brij-98 as above. After sucrose gradient centrifugation, biotinylated protein was precipitated from the collected fractions with streptavidin-conjugated agarose (Sigma) for Western blot analysis of gp91phox.
Alternatively, detergent extracts were fractionated in a bench-top centrifuge (41C) at 15 000 g for 15 min. Subsequently, supernatant (detergent-soluble fraction) and pellet (detergent-insoluble fraction) were recovered and again analyzed by Western blotting.
Immunofluorescense and ganglioside GM-1 patching Ra2 cells were incubated on ice with 5 mg/ml ricin-HRP (to delineate the cell surface), and washed extensively before fixation. Subsequently, methanol:acetone (50:50 vol:vol) fixed Ra2 and HL60 cells were analyzed, using as primary antibodies rabbit polyclonal antigp91phox antibody, and in the case of Ra2 cells, also mouse monoclonal anti-HRP antibody, which were followed by secondary goat-anti mouse Alexa 568 and goat-anti rabbit Alexa 488 antibodies (Molecular Probes) as appropriate. Images were acquired with a Zeiss LSM510 confocal laser scanning microscope with a C-Apochromat Â 63, 1.2 water immersion objective, using the argon and helium-neon laser lines for excitation of Alexa 488 and 568, respectively. Sections (1 mm) through medial portions of the cells were collected and saved as 512 Â 512-pixel images at 8-bit resolution before import into Adobe Photoshop for compilation.
To visualize raft segregation of gp91phox on a light-microscopical level, we also made use of a cell surface ganglioside GM1 patching procedure. Briefly, HL60 cells were incubated with Alexa 488-conjugated cholera toxin B subunit on ice for 30 min, followed by washing, and a further 30 min incubation with 10 mg/ml mouse monoclonal anti-cholera toxin B subunit. Final patching with 10 mg/ ml goat-anti mouse antibodies was carried out for 1 h at 121C. As a control, TnfR was patched with monoclonal anti-TnfR antibodies on ice, followed by secondary Alexa 488-conjugated goat-anti mouse antibodies at 121C. Cells were subsequently fixed in acetone, and immunolocalization of gp91phox was carried out with polyclonal rabbit-anti gp91phox antibodies, followed by Alexa 568-conjugated goat-anti rabbit antibody, as described above.
Cholesterol extraction with mbCD
Ra2 cells seeded at low density were cultured for 3-5 days in MEM with 10% delipidated FCS, 10 mM lovastatin (preactivated by lactone ring cleavage), and 500 mM mevalonate. Cells were then washed and incubated with 20 mM mbCD in Hank's buffered salt solution (HBSS) for 30 min at 371C with agitation, and washed repeatedly in HBSS to remove traces of mbCD before superoxide measurements or detergent solubilization. DMSO-differentiated HL60 cells were cholesterol-depleted efficiently by mbCD (5-10 mM) extraction alone. In some cases cholesterol extraction was followed by cholesterolreplenishment by incubating cells with 0.5-1 mM cholesterol-saturated mbCD for 30 min at 371C. The efficiency of cholesterol extraction was verified by measuring cholesterol in detergent-solublized cells using a cholesterol oxidase/peroxidasebased method (Sigma) or, alternatively, visualized by staining with the fluorescent cholesterol-binding drug filipin.
Superoxide measurements
Superoxide production was quantitated using a luminol-enhanced chemiluminescence technique (Wymann et al, 1987) , essentially as described (Vilhardt et al, 2002) . Chemiluminescence was measured continuously at 371C (except for fMLP stimulation of HL60 cells, which was carried out at room temperature) in a Wallac VICTOR microplate reader, before and after stimulation with PMA (100 ng/ ml), fMLP (1 mM), ionomycin (250 nM), or IgG-opsonized zymosan, as indicated. To visualize cellular localization of superoxide production, we used NBT. Control or mbCD-extracted Ra2 microglia were incubated in HBSS with 0.25% NBT (Sigma) and 100 ng/ml PMA, and the reaction was allowed to proceed until a satisfactory signal had been obtained before fixation in 2% paraformaldehyde and visual inspection.
Cell-free reconstituted NADPH oxidase system Purified guinea pig macrophage membranes (Knoller et al, 1991) were treated or not with 20 mM mbCD in 100 mM sodium phosphate buffer, pH 7.4, containing 1 mM EGTA, 1 mM MgCl 2 , 1 mM DTE, 10 mM flavin adenine dinucleotide, 2 mM NaN 3 , and 20% glycerol. Membranes were then pelleted at 60 000 g for 30 min and resuspended in membrane buffer. Subsequently, superoxide production in the reconstituted cell-free system was performed as described (Toporik et al, 1998) . Briefly, membrane corresponding to 5 nM cyt b 558 was mixed with 50 nM of p67phox, p47phox, and GTPgS-loaded Rac1 (generously donated by Prof. E Pick, Tel Aviv University, Israel) in 65 mM sodium-potassium buffer (pH 7.0), 2 mM NaN 3 , 1 mM MgCl 2 , and 10 mM flavin adenine dinucleotide containing 200 mM cytochrome c and 130 mM LiDS as an activator. Superoxide production was followed continuously by monitoring superoxide dismutase-inhibitable cytochrome c reduction at 550 nm in a Wallac VICTOR microplate reader at room temperature.
Supplementary data
Supplementary data are available at The EMBO Journal Online.
